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a  b  s  t  r  a  c  t
This study  aims  at immunochemical  characterization  of  plasma  vitellogenin  (VTG),  development  of an
heterlogous  VTG  ELISA  and to relate  seasonal  variation  in  plasma  VTG  and  estradiol-17  (E2)  levels  with
ovarian  growth  (gonadosomatic  index,  GSI)  in Olyra longicaudata  (McClelland,  1842),  a rare  hill-stream
catﬁsh  endemic  to North  East  India.  On  native  PAGE,  plasma  from  E2-injected  male,  vitellogenic  as  well  as
gravid  females,  but not  untreated  male,  resolved  into  two  major  protein  bands.  These  two  proteins  stained
positive  for  carbohydrate,  lipid  and  phosphorous,  albeit  with  differential  intensity  and  cross-reacted  well
with catﬁsh  VTG  antiserum  (a-VTG)  suggesting  them  as putative  VTGs  in  circulation.  Ammonium  sul-
phate (50%)  fractionation  followed  by SDS-PAGE  analysis  of E2-treated  male  plasma  resolved  into  four
protein bands  (150–15  kDa),  of which  two,  with  molecular  mass  of 150  and  130  kDa  cross-reacted  with
a-VTG  indicating  them  as VTG  monomers.  Immunoprecipitation  of  E2-induced  plasma  and  immunoblot
analysis  of  crude  yolk  proteins  with  a-VTG  revealed  two  proteins  in  each  case  indicating  two  forms  of
VTG,  present  in  circulation,  possibly  act  as  yolk  precursors.  Competitive  antigen-capture  ELISA  developed
earlier  for catﬁsh,  Clarias  batrachus  VTG  (CF-VTG1),  revealed  parallel  binding  slopes  between  dilution
curves  of  plasma  from  vitellogenic  female,  E2-treated  male  and  CF-VTG1  standard.  Congruent  with  grad-
ual  increase  in plasma  E2, ovarian  weight  and  appearance  of vitellogenic  and  yolky  oocytes,  VTG  level
in  circulation  increased  sharply  in May–June,  reaching  the  peak  value  in  July,  dropped  sharply  during
August–September  and  was  undetected  or  negligible  in amount  during  December  allowing  identiﬁcation
of the  ripening,  the pre-spawning,  the  spawning  and  the  quiescent  phases  respectively.
©  2016  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND. Introduction
Olyra longicaudata, McClelland, 1842 (Teleosti: Bagridae: Olyrin-
nae), also known as Asian ﬁghting catﬁsh or banner tail catﬁsh,
s endemic to torrential hill streams of Brahmaputra basin in the
orth East India, Northern Myanmar and Thailand (Talwar and
hingran, 1991). Distinguished by small size (110 mm standard
ength), anguilliform body and greatly enlarged upper lobe of the
orked caudal ﬁn, this bagrid catﬁsh (Actinipterygii: Siluriformes)
refers fast water current and a place for hiding in the substra-
um of rocks and sand. While their restricted occurrences in nature
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indicate ﬂuctuating reproductive ﬁtness even in the wild, this ﬁsh
usually spawns during the monsoon months (August–September)
when the rainfall is heaviest. However, mature specimens of O.
longicaudata, particularly the females, rarely attain sexual maturity
in captivity. Though popular as an aquarium species, currently no
information is available on vitellogenesis or any other reproductive
parameters of this hill stream catﬁsh.
In ﬁshes, as in other oviparous vertebrates, the yolk precur-
sor protein, vitellogenin (VTG), is synthesized in the liver under
the inﬂuence of gonadotropin-induced ovarian estrogen, primar-
ily estrdiol-17 (E2) and is transported via blood to the ovary.
Following its uptake through receptor-mediated endocytosis, VTG
undergoes limited proteolytic cleavage to form lipovitellin (Lv),
phosvitin (Pv), ′-component and C-terminal peptide which ulti-
mately get deposited in the form of yolk granules or platelets in
the growing oocytes (Babin et al., 2007; Hiramatsu et al., 2002a;
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atsubara et al., 1999; Mommsen and Walsh, 1988; Sawaguchiet
l., 2006; Specker and Sullivan, 1994). Though initially one form of
TG was identiﬁed and characterized from the plasma or serum of
arious teleost ﬁshes; later on two and even three forms of VTGs
ave been puriﬁed rejecting the earlier concept of single VTG model
nd posing new challenge to explore the functions of individual
TG and their yolk protein derivatives (Ding et al., 1989; Hiramatsu
t al., 2002b; Wang et al., 2000). Further, compared to their amphib-
an and avian counterparts, teleost VTGs display higher variability
n their physical and chemical properties such as molecular weight,
ubunit composition and degree of phosphorylation, lipidation and
lycosylation (Mommsen and Walsh, 1988; Specker and Sullivan,
994).
VTG is usually considered as female-speciﬁc protein, largely
bsent in juveniles and induced by E2 administration in both
ales and females; however, VTG-like proteins, albeit in low quan-
ity, have been identiﬁed in males of few ﬁsh (Ding et al., 1989;
ishida and Specker, 1993). Nonetheless, circulatory level of Vg in
emales undergoes rapid increase during the vitellogenesis and cor-
elates well with gonadal recrudescence and oocyte growth and
s generally agreed to be a good indicator of the reproductive ﬁt-
ess and maturity status of the adult females, a useful marker
f exposure to endocrine disrupting compounds (EDCs) and for
etermining the sex in wild and captive ﬁsh populations prior
o sexual maturity (Bon et al., 1997; Cheek et al., 2004; Heppell
t al., 1999; Nunez Rodriguez et al., 1997; Sumpter and Jobling,
995). Earlier sensitive immunoassays such as radioimmunoas-
ay (RIA), enzyme-linked immnunosorbent assay (ELISA), single
adial immunodiffusion (SRID) and chemiluminescent immunoas-
ays (CLIA) have been developed for quantiﬁcation of VTG in the
lasma or serum of several teleost species (Babin et al., 2007;
raathen et al., 2009; Nath and Maitra, 2001; Maitra et al., 2007;
akemura and Kim, 2001). Moreover, piscine VTGs from closely
elated species have been shown to cross-react with heterologous
ntibodies (Maltais and Roy, 2009; Ndiaye et al., 2006; Watts et al.,
003).
In the Indian sub-continent, a vast majority of the fresh
ater ﬁshes are seasonal breeders and majority of the catﬁsh
pecies breed during the monsoon season when rainfall is heavi-
st (Sundararaj and Nath, 1981; Nath and Maitra, 2001; Nath et al.,
007). Currently no information is available on vitellogenesis in O.
ongicaudata and VTG has never been characterized in this species.
he major objectives of the present study are partial identiﬁcation
nd characterization of VTGs through immunological and biochem-
cal techniques, development and use of a heterologous ELISA to
easure VTG in circulation and to ﬁnd correlation between sea-
onal variation in plasma VTG, sex steroid (E2) and ovarian growth
uring vitellogenic months in this rare catﬁsh species.
. Materials and methods
.1. Collection and care of ﬁsh
Adult specimens of O. longicaudata [Standard length (SL):
.63–9.68 cm]  were collected from rivers and streams in the vil-
age of Denka (Lat. 27◦11’ 38.6′′N, Long. 93◦52’38.7′′E), district
apum Pare, Doimukh, India following all indigenous and scientiﬁc
ethods available for catching hill stream ﬁshes (Kachari et al.,
014). Adult males (n = 41) were transported to the laboratory,
aintained under ambient photoperiod and temperature in glass
quaria (capacity: 60 L) with a layer of pebbles (2.5 cm thick). Water
pH 6.0–7.0, temperature 23 ± 2 ◦C) in the tanks was circulated con-
inuously with the help of motor pumps. Fishes were fed ad libitum
ith live blood worms and were acclimatized for at least 7 days
rior to their use in experiments.ports 3 (2016) 120–130 121
2.2. E2 induction and collection of plasma samples
All animal experiments were carried out following the approval
of Institutional Animal Ethics Committee of Visva-Bharati Uni-
versity. Estradiol-17, E2 (Sigma, India) was dissolved in ethanol
(stock: 2 mg/ml), diluted with ﬁsh saline (0.64% NaCl), mixed thor-
oughly and the resulting suspension was injected intra-muscularly
(im) at the caudal peduncle at the dose level of 50 g/100 g body
weight, on alternate days for 10 days. Control ﬁsh received equal
volume (∼25 l) of vehicle only. The day following the last injec-
tion, ﬁshes were bled by caudal puncture, blood was  collected in
heparinized (130 IU/ml blood) tubes (kept on ice) containing pro-
tease inhibitor cocktail (P2714, Sigma, India). Plasma was separated
by spinning at 1500 × g for 20 min  at 4 ◦C, diluted 1:1 with PBS-
glycerol (phosphate buffer 10 mM,  pH 7.6, NaCl 0.9% glycerol 50%)
and was stored in 50 l aliquots at −80 ◦C for future analysis.
Additionally, a group of ﬁve females, captured in their natural
habitat during the middle of every month, were anesthetized by
immersion in water containing 100 mg  tricaine-methane-sulfonate
(MS-222, Sigma Chemical Co., India) per liter buffered with sodium
bicarbonate (1:1), total length taken (in cm), weighed to the nearest
mg,  bled by caudal puncture with the help of heparinised tuber-
culin syringes into tubes containing protease inhibitor cocktail and
plasma separated as described above.
2.3. Identiﬁcation and characterization of VTG in plasma
2.3.1. Native-PAGE
Protein was  estimated by Lowry et al. (1951) using bovine serum
albumin (BSA) as standard. Plasma samples (50 g protein/lane)
from E2-treated male, untreated male as well as from females in
March (non-vitellogenic, resting phase), May (vitellogenic) and July
(gravid) were resolved through native PAGE (stacking 4%, resolv-
ing 10%) at 4 ◦C using electrophoresis buffer (25 mM Tris, 192 mM
glycine, pH 8.3). Gels were stained for protein with Coomassie bril-
liant blue R-250 (CBB R250), phosphorous (Hegenauer et al., 1977),
lipid (Prat et al., 1969) and carbohydrate (Zacharias et al., 1969).
Standard high molecular weight marker proteins (Cat. No. 17-0445-
01; GE Healthcare), viz. thyroglobulin (669 kDa), ferritin (440 kDa),
catalase (232 kDa), lactate dehydrogenase (140 kDa) and albumin
(66 kDa) were run in parallel wells.
2.3.2. Ammonium sulphate fractionation and SDS-PAGE analysis
Pooled plasma from ﬁve E2-treated male O. longicaudata
were subjected to 50% ammonium sulphate fractionation at 4 ◦C
overnight, precipitate obtained by spinning at 17,500 ×g, for 10 min
at 4 ◦C, pellet re-suspended in Tris–Cl buffer (pH 8.0) containing 2%
KCl, phenylmethylsulphonylﬂuoride (PMSF) (0·05%) and aprotinin:
10,000 Kallikrein units/ml), dialyzed extensively against chilled
PBS, concentrated in vacuum and protein was  estimated (Lowry
et al., 1951). Solubilised precipitate thus obtained was subjected to
SDS-PAGE (stacking 4%, separating 15%) under reducing condition
(Laemmli, 1970) along with pre-stained protein markers (Fermen-
tas, #SM0671).
2.3.3. Immunoprecipitation and immunoblot analysis
To eliminate reactivity to other plasma proteins, anti-catﬁsh
Vg antiserum was  adsorbed (3×)  with hypophysectomized male
catﬁsh serum (Hypox. CFS) and the adsorbed antiserum (a-VTG)
were used subsequently according to Nath and Maitra (2001). For
immunoprecipitation (IP), E2-treated male plasma (100 g pro-
tein) was  incubated with a-VTG (5 l) overnight at 4 ◦C. Around
50 l of Protein A agarose (Pierce(R), Thermo Scientiﬁc) was  added
and incubated with gentle agitation for 2 h at room temperature
followed by addition of 500 l of IP buffer (25 mM Tris, 150 mM
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tep was repeated two more times and supernatant discarded. No
ntibody (control) tubes were run in parallel (data not shown). Pre-
ipitates were boiled in 4 × SDS sample buffer and were resolved in
5% SDS-PAGE followed by CBB R250 staining. For preparation of
rude yolk proteins, vitellogenic (S4) and post-vitellogenic imma-
ure (G2 arrested) oocytes (S5) (see details in Section 2.5.1) were
arvested from the ovary in June (mean gonadosomatic index,
SI ∼ 12.75 ± 1.37) with the help of a pair of ﬁne forceps and kept
n ice cold NaC1 (0·5  M)  containing phenylmethylsulphonylﬂuoride
PMSF) (0·05%) and aprotinin: 10,000 Kallikrein unit/ml). Oocytes
ere washed thoroughly in oocyte extraction buffer (OEB) contain-
ng 100 mM sodium -glycerophosphate, 20 mM HEPES, 15 mM
gCl2, 5 mM EGTA, 100 mM p-PMSF, 3 mg/ml  leupeptin, 1 mM DTT
nd 1 mg/ml  aprotinin; pH 7.5 (Hirai et al., 1992) and homogenized
n the same buffer (1 l/oocyte) using polytron homogenizer. The
omogenate was centrifuged at 17,500 × g for 30 min  at 4 ◦C. The
upernatant was either used immediately or stored at −20 ◦C until
se.
Proteins from (50%) ammonium sulfate fractionation as well as
rude yolk proteins weresubjected to 15% SDS-PAGE, transferred
o Hybond-P PVDF membrane (GE Healthcare Biosciences, Buck-
nghamshire HP7 9NA) using transfer buffer (25 mM Tris, 193 mM
lycine, 20% methanol; pH 8.5) for 1 h. Membranes were probed
ith primary antibody (1:1000), washed and incubated in alkaline
hosphatase-tagged anti-rabbit IgG (1:2000). Bands were devel-
ped by adding BCIP–NBT and recorded in Gel Doc apparatus
Bio-Rad).
.4. Measurement of VTG and E2 in circulation
In the present study heterologous ELISA for O. longicaudata
TG was developed following the protocol described elsewhere
Nath and Maitra, 2001). In brief, the ninety six well microtitre
lates (Nunc, Denmark) were coated with 50 mM sodium car-
onate buffer, pH 9.6 (200 l/well) containing 1 g/ml puriﬁed
larias batrachus VTG (CF-VTG1) or BSA (non-speciﬁc binding) and
ncubated overnight at 4 ◦C. The nonspeciﬁc binding sites were sat-
rated by incubating the plates with 200 l of 1% BSA in 10 mM
BS (pH 7.4) containing 0.15 M NaCl, 0.05% Tween 20 (PBST) for
 h at room temperature (28 ◦C) followed by washing with PBST
3×) to remove the blocking solution. Serially diluted VTG stan-
ards (100 l) (1–40 g/ml) as well as plasma samples (diluted
:25–1:3200 in PBST–BSA) were mixed with equal volume (100 l)
f a-VTG in separate tubes and incubated at 4 ◦C overnight. VTG
tandards and plasma were assayed in triplicate. Since plasma
t higher concentrations react non-speciﬁcally and reveal matrix
ffect in ﬁsh VTG ELISA, for routine assay and determination of
TG in female ﬁshes, plasma samples were diluted 1:100 or higher
n PBST–BSA. The wells were loaded with sample-antibody mix-
ure (200 l/well) and incubated for 3 h at room temperature. The
lates were washed with PBST (3×)  as before. The peroxidise-
nti-peroxidase (PAP) complex (Anticorps anti IgG (H + L) de l′apin
eroxidise, BIOSYS, France) was diluted with PBS-T-BSA (1:4000),
dded to the wells (200 l/well). Plates were incubated for 2 h at
oom temperature and washed with PBST as before. For color devel-
pment each well received 200 l of the freshly prepared coloring
eagent containing 10 mg  o-phenylenediamine, OPD (Sigma, USA)
n 25 ml  of 0.1 M citrate–phosphate buffer, pH 5.0 and 3 l of H2O2
Merck). After 30 min  of incubation in the dark at room tempera-
ure, the reaction was stopped by adding 50 l/well of 2(N) H2SO4
nd the absorbance was measured at 492 nm using an Anthos 2020
icroplate reader (Anthos Labtec, Austria). Absorbance measure-
ents expressed as percent binding [(Bi − NSB/B0 − NSB) × 100 = f
log (dose or dilution)}] was plotted against log10 VTG concentra-
ion (ng/ml) or plasma dilution where Bi represented the binding
f sample or standard VTG, B0; the maximum binding and NSB, theports 3 (2016) 120–130
non-speciﬁc binding. NSB and B0 were determined by absorbance
values of wells those were either negative for primary antibody
or without standard VTG respectively. The analysis of competition
curves was performed after linearization of the binding percent-
age values (B) through logit–log transformation [logit B = loge
(B/100 − B)] as reported by Nunez Rodriguez et al. (1989). The
parallelism between regression lines was tested by analysis of
covariance (ANCOVA) following the method described by Snedecor
and Cochran (1957).
Plasma E2 was  estimated using 17-estradiol ELISA kit (Orbit
Biosciences Pvt., Ltd., India) according to the manufacturers’
instructions. The highly speciﬁc E2 antiserum crossreacted with
estradiol (E2), estrone (E1), estriol (E3), testosterone and proges-
terone at 100, 2, 0.39, 0.02 and <3 × 10−4% respectively. The lowest
detectable concentration of E2 was  15 pg/ml at 95% conﬁdence
limit, the intra-assay [% coefﬁcient of variation (CV), n = 6] and inter-
assay% CV (n = 8) were at 7 and 10.4% respectively at 50% binding.
2.5. Monthly sampling of female catﬁsh
2.5.1. Histological studies and identiﬁcation of ovarian cycle
During each sampling (Section 2.2), adult females were
autopsied, ovaries extirpated, weighed to the nearest mg and gona-
dosomatic index [GSI: (gonad weight)/(body weight) × 100] was
calculated. Ovaries were ﬁxed in Bouin’s ﬂuid for 48 h with two
changes, dehydrated in ethanol, embedded in parafﬁn and trans-
verse sections (6 m)  were cut, stained with Ehrlich’s hematoxylin
and eosin (Nath and Maitra, 2001), oocytes at different stages of
growth were identiﬁed microscopically and relative proportion of
oocytes were expressed in percentage at indicated monthly inter-
vals.
2.5.2. Immunohistochemistry
To examine incorporation of a-VTG immunoreactive proteins
into growing oocytes, small fragments of ovary (in May  and June)
were ﬁxed for 48–96 h in 4% phosphate-buffered formaldehyde
(10% commercial formalin). After dehydration in a series of ascend-
ing concentrations of ethanol, tissue samples were embedded in
parafﬁn. Following de-parafﬁnization and antigen unmasking tis-
sue sections were probed with a-VTG (1:100) overnight at 4 ◦C.
Positive immune-reactivity was visualized using FITC tagged anti-
rabbit IgG (1:1000) (Sigma–Aldrich) under an upright ﬂuorescent
microscope (Axioscope. A1, Carl Zeiss, Germany). Control sections
were probed with pre-immune rabbit serum in place of a-VTG.
2.5.3. Estimation of fecundity
Fecundity estimation was done from ovaries harvested from
matured females during July–September (Kilambi, 1986) by gravi-
metric method (Bagenal, 1978). Each ﬁsh was weighed, body length
was measured, ovaries were dissected out and weighed to the near-
est mg.  Samples were taken from anterior, middle and posterior
parts of each ovarian lobe and number of eggs was  counted using
a stereo-zoom microscope (Dewinter, Italy). Fecundity was calcu-
lated by Le Gren (1951) formula:
F = N × Gonad Weight
Sample Weight
where F is Fecundity, N denotes the number of eggs in a sample,
and sample refers to the individual ﬁsh.
2.6. Expression of results and statistical analysisFor the comparison of data, the ovarian weight changes were
expressed on 100 g body weight basis (GSI), diameter of oocytes
in m,  plasma levels of VTG as g/ml and E2 as ng/ml. P values
between control and experimental groups were calculated either
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Fig. 1. E2 induction and identiﬁcation of O. longicaudata VTG. Plasma samples from control (un-treated) male (2 l, lane 1), normal female in resting phase, December (2 l,
l e 4) as well as E2-treated male (0.5 l, lane 5) catﬁsh were resolved through native PAGE
a ent (c). Duplicate lanes (1, 4 and 5) were electro-blotted to PVDF membrane and probed



















Fig. 2. E2-treated male plasma (lane 1) was  fractionated by selective precipitation
with ammonium sulphate (50%), separated by native PAGE and stained for lipid
(lane 2), carbohydrate (lane 3) and phosphoprotein (lane 4). The migration position
of  high molecular weight (HMW)  marker proteins are shown at extreme left.ane  2), vitellogenic female, in May  (2 l, lane 3) and gravid female, in July (2 l, lan
nd  stained with CBB R250 (a), Sudan black B (b), and periodic acid/Schiff (PAS) reag
ith  a-VTG (1:1000). The secondary antibody was  anti-rabbit IgG-ALP (1:2000) (d)
y Students’ ‘t’ test or one way ANOVA followed by Duncan’s mul-
iple range test at 95% conﬁdence limit to ascertain the signiﬁcance
P < 0.05) of difference between means.
. Results
.1. E2 induction, identiﬁcation and partial characterization of
TG in plasma
In native PAGE, plasma samples from vitellogenic female and
2-induced male, resolved into two high molecular weight pro-
eins (arrow heads, Fig. 1a). These two proteins, not present in
ntreated male plasma, cross-reacted well with a-VTG (Fig. 1d) and
lso stained positive for lipid (lanes 2, 4, 5, Fig. 1b) and carbohydrate
lanes 4–5, Fig. 1c), albeit with differential intensity.
E2-treated male plasma was subjected to ammonium sulphate
ractionation (50%) at 4 ◦C, dialyzed thoroughly (3×)  against an
xcess of chilled 50 mM Tris–HCl buffer (pH 8) containing protease
nhibitor cocktail (PMSF, aprotinin, leupeptin) and was resolved
hrough native PAGE analysis along with standard protein mark-
rs. As shown in Fig. 2, selective precipitation of E2-treated male
lasma revealed the presence of two major protein bands (apparent
olecular mass of 670 and 520 kDa respectively), staining positive
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Fig. 3. Biochemical and immunological characterization of monomeric VTG. SDS-PAGE (0.1%) under reducing condition of ammonium sulphate fractionated plasma proteins
(lane  1) from E2-treated male catﬁsh along with protein markers. Gels were either stained with CBB R250 (lane 1) or subjected to immunoblot analysis using a-VTG (lane 2)
(a).  E2-induced male plasma (200 g protein) was  allowed to cross-react with a-VTG at 4 ◦C overnight, followed by IP using protein A agarose. Bound proteins were resolved
through SDS-PAGE (stacking, 4%, separating, 15%) in presence of molecular weight markers and stained with CBB R250 (b). Arrow heads indicate migration position of VTG
monomers. Crude yolk proteins (see Methodology for details), resolved through SDS-PAGE, were stained with CBB R250 (lane 1) or subjected to immunoblot analysis (lane
2)  using a-VTG (c).
Fig. 4. Binding displacement curves obtained with catﬁsh VTG (CF-VTG1) standard and serial dilutions of E2-treated male (), vitellogenic female () and untreated male
()  plasma (a); Binding curves of O. longicaudata plasma samples along with catﬁsh VTG standard following linearization (b).
























































Fig. 5. Proﬁle of plasma VTG and E2 levels (a) relative to ovarian growth, GSI (b). Val-
ues  are mean ± SEM (n = 5 ﬁsh/time point), data were analyzed by one way ANOVAP. Ghosh et al. / Aquacult
or carbohydrate, lipid and phosphorous conﬁrming their glycol-
ipo-phospho-protein nature (arrowheads, Fig. 2).
On SDS-PAGE analysis under reducing condition, 50% ammo-
ium sulphate fractionated proteins resolved into 5 major protein
ands of 150, 130, 100, 34 and 15 kDa (lane 1, Fig. 3a), of which
he 150 and 130 kDa fragments showed strong cross reactivity to
-VTG indicating them as putative VTG monomers (lane 2, Fig. 3a).
oreover, in IP analysis two a-VTG cross-reacting proteins of com-
arable size (∼150 and 130 kDa) were precipitated from E2-treated
ale plasma (lane 1, Fig. 3b). Further, immunoblot analysis of crude
olk proteins, prepared from the ovary harvested in June, revealed
resence of two a-VTG immunoreactive proteins at 85 and 36 kDa
espectively (lane 2, Fig. 3c).
.2. ELISA characteristics and estimation of plasma VTG
Different concentrations of antigen (50–200 ng/well) and
arious antibody dilutions (1:10,000, 1:25,000, 1:50,000 and
:100,000) were tested in preliminary trials and 200 ng/well of
F-VTG1 coating and 1:20,000 dilution of a-VTG were chosen as
ptimum for routine assay (data not shown). Under such con-
itions the O. longicaudata VTG standard curve ranges from 1
o 40 g/ml (Fig. 4a) with approximate linearity between 2 and
0 g/ml (89.36–16.7% binding) in diluted samples. A good par-
llelism among the standard curves was observed by ANOVA
Fobs = 0.037 < F0.05 = 3.098 with d.f. 3, 20) by comparing the results
rom different plates. The lowest detectable concentration of O.
ongicaudata VTG in appropriately diluted plasma samples was
25 ng/ml at 93% conﬁdence limit and the intra- and inter-assay
oefﬁcients of variance (CV) near 50% of binding were 4.7% (n = 6)
nd 6.28% (n = 9), respectively. Parallel binding slopes (P > 0.05,
NCOVA) were demonstrated between dilution curves of plasma
rom vitellogenic female, E2-treated male and VTG standard curves
Fig. 4b–d). No signiﬁcant binding was observed with untreated
ale plasma, diluted from 1:25 to 1:1000 (Fig. 4b). However,
lasma samples at still higher concentration could not be used due
o non-speciﬁcity of binding and matrix effect in ELISA (data not
hown). The ELISA was further validated by measuring VTG levels
n plasma samples from un-treated and E2-treated males. Normal
ale plasma diluted from 1:25 to 1:1000 revealed ≥ 98% binding
ndicating VTG was either absent or beyond the detection limit of
he present ELISA. Conversely, a robust increase in circulatory VTG
434 ± 115.22 g/ml) was detected due to E2 (50 g/100 g body
eight/day; 5 injections on alternate days) administration.
.3. Variation in plasma VTG and E2 levels in relation to ovarian
eight
As shown in Fig. 5a, plasma VTG, either undetected or neg-
igible in amount during December (winter), started increasing
rom March, reached the highest level (463.4 ± 59.17 g/ml) in July.
n the other hand, circulatory E2 level reached the peak level
2.14 ± 0.39 ng/ml) in May  and remained high till July. Both E2
nd VTG levels (0.71 ± 0.05 ng/ml and 250.4 ± 10.51 g/ml respec-
ively) decreased signiﬁcantly (P < 0.05) during August, ﬁnally
eaching the basal level in December (Fig. 5a). Congruent with
hanges in circulatory VTG levels, signiﬁcant increase (P < 0.05)
n GSI was observed from March to June, reaching the highest
evel (21.25 ± 1.89) in July (Fig. 5b), followed by a sharp fall dur-
ng August–September (9.24 ± 3.24 and 6.25 ± 2.49 respectively)
Fig. 5b). In contrast, GSI level remained <0.7 and did not vary
igniﬁcantly between November-February (data not shown).(P  < 0.001) followed by Duncan’s multiple range test (P < 0.05). Groups with same
lowercase letter above the bars are not signiﬁcantly different and those with differ-
ent  letters differ signiﬁcantly;*P < 0.05, #P < 0.001compared to December (a).
3.4. Identiﬁcation of oocyte developmental stages and
characterization of ovarian cycle
In addition to maturing oocytes undergoing nuclear mem-
brane dissolution or GVBD (S6) and follicular atresia (AF), growing
oocytes have been characterized into ﬁve different stages of growth
and recrudescence (Tyler and Sumpter, 1996; Garc´ia-Lópezet al.,
2007), namely, primary growth leading to early (S1) and late
(S2) perinucleolus stages, cortical alveoli (S3), vitellogenic (S4)
with hypertrophied theca–granulosa cell layers (inset) and post-
vitellogenic with intact germinal vesicle, GV (S5) (Fig. 6). Moreover,
IHC of ovarian sections in May–June showed deposition of a-VTG
immunoreactive proteins in vitellogenic (S4) oocytes (Fig. 7a). Con-
trol sections incubated with pre-immuned rabbit serum showed no
staining indicating the speciﬁcity of the immune-detection (right
panel, Fig. 7a).
Relative proportion of oocytes at different stages of growth,
maturation and follicular atresia has been characterized in the
ovary at indicated monthly intervals (Fig. 6). While S1 oocytes
were predominant [Fig. 6(i)] during March, S2, S3 (mean diameter
181.51 ± 10.30 m)  and S4 started appearing in May  [Fig. 6(ii) and
(iii)]. Though more than three phases (including S2, S3, S4 and few
S5 oocytes) occurred simultaneously within the developing ovary,
vitellogenic (S4) oocytes (mean diameter: 451.35 ± 82.76 m)  with
hypertrophied follicular layer and yolk deposition in the ooplasm
were predominant during June [Fig. 6(iv)]. Characteristically, in the
month of July when GSI was at its highest (Fig. 5b), ovaries were
ﬁlled with S5 yolky oocytes (mean diameter 857.07 ± 105.91 m)
[Fig. 6(v)]. While oocytes in migratory nucleus stage and a few
undergoing GVBD (S6) could be seen in August [Fig. 6(vi) and
(vii)], atretic follicles [Fig. 6(viii)] with fragmented zona radiata,
126 P. Ghosh et al. / Aquaculture Reports 3 (2016) 120–130
Fig. 6. Representative photomicrographs of the ovary from O. longicaudata, showing oocytes at various stages of growth and development. H&E stain. Non-yolky, early
peri-nucleolus stage (S1) oocytes during March (i), S2 (late perinucleolar), S3 (corical alveoli) and S4 (vitellogenic) oocytes during May (ii, iii), vitellogenic oocytes (S4)
showing primary yolk granules and hypertrophied follicular layer (arrow, inset) during June (iv). Full-grown oocytes (S5) with secondary yolk granules, centrally placed
g g sign
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ferminal  vesicle (GV) and ﬂattened follicular layer (FL) in July (v). S6 oocytes showin
ugust. Atretic follicles (AF) with broken zona (arrow) and hypertrophied follicle la
ecember (ix), nucleus (N), yolk granules (YG), follicle layer, (FL). Scale bars: 50 m
ypertrophied follicular layer and vacuolated ooplasm could be
een during September. Besides, intact ovarian follicles harvested
n August and September, when viewed under dissecting micro-
cope, revealed the appearance of white spots at the animal pole
nd meiosis resumption and hydration (Supplementary Fig. 1a)
uring August–September indicating the onset of spawning sea-
on. Further, fecundity estimation indicated a positive correlation
ith ovary weight (r = 0.998, P < 0.05) but ensured a very tenuous
elationship with that of total weight (r = 0.209, P > 0.05) and total
ength (r = 0.292, P > 0.05) (Supplementary Fig. 1b).
. Discussion
Use of VTG as a marker for sexual maturity has widespread appli-
ation in ﬁsheries management programe and aquaculture practice
Susca et al., 2001; Man˜anos et al., 1994a; Bon et al., 1997, Mosconi
t al., 1997). Present data demonstrate that on native PAGE plasma
amples from E2-treated male, vitellogenic as well as matured
emales, but not normal male, resolve into two  major proteinss of GV migration, hydration and GVBD (white arrow) during early (vi) and late (vii)
set) during September (viii). S1 oocytes during the quiescent phase of the ovary in
iii and ix); 100 m (iv to viii).
both of which stain positive for lipid, carbohydrate and phosphorus
suggesting them as glycolipophosphoprotein in nature, a common
feature of ﬁsh VTGs (Hara et al., 1980; Nath et al., 2007; Norberg
and Haux, 1985). Besides, immunoblot analysis reveal that these
two proteins cross-react well with a-VTG, indicating them as puta-
tive VTGs in circulation. Similar criteria have been adopted earlier
by various authors for identiﬁcation of VTG in ﬁshes (Fazielawanie
et al., 2013; Hara et al., 1980; Norberg and Haux, 1985; Roy et al.,
2004). Moreover, in the present study to prevent enzymatic cleav-
age of VTG, protease (serine/cysteine/metalloprotease) inhibitors
have been used during blood collection and in buffers. Besides,
all the steps have been carried out at 4 ◦C and plasma samples
have been sub-divided into small aliquots to prevent repeated
freeze–thaw cycles. Such conditions have been followed earlier to
prevent proteolysis of teleost VTGs (Buerano et al., 1995; Maitra
et al., 2007; Man˜anos et al., 1994a; Mosconi et al., 1998).
Several procedures which involve selective chemical pre-
cipitation, gel ﬁltration, ion-exchange chromatography, adsorp-
tion chromatography, afﬁnity and immune-afﬁnity techniques,





































eig. 7. Photomicrograph of ovarian sections (6 m)  sampled in May  (upper panel) an
n  S1 oocytes (−) are also indicated. Corresponding bright ﬁeld photomicrographs ar
t  extreme right. Scale bar: 100 m.  Percentage frequency distribution of oocytes a
ltracentrifugation and electro-elution following electrophoresis
ave been employed earlier to isolate and purify VTG in ﬁshes
Bon et al., 1997; Mananos et al., 1994; Matsubara et al., 1999;
tarabhand and Bunlipatanon, 1996; Yao and Crim, 1996). Present
ata demonstrate that 50% ammonium sulphate cut proteins from
2-treated male plasma on native PAGE resolve into a number of
rotein bands, out of which two high molecular weight proteinsare
lycolipophosphoprotein in nature. However, when subjected to
dsorption chromatography on HA-Ultrogel following the protocol
s described earlier (Maitra et al., 2007); these two  proteins were
o-eluted by 100 mM phosphate buffer (data not shown). Consid-
ring the low amount of plasma (<50 l/ﬁsh) available from this
mall (body weight ∼5 g) and rare catﬁsh species, ammonium sul-
hate precipitation was  considered sufﬁcient to partially recover
TGs from other plasma proteins for routine assays.
While native weight of VTG from different ﬁsh species varies
etween 300–550 kDa, apparent molecular weight determined by
ither electrophoresis or gel ﬁltration depends on the character-
stics of separation (Susca et al., 2001). Present results show that
wo high molecular weight VTGs, with apparent molecular mass
f 670 and 520 kDa (as determined by native PAGE) are present
n E2-treated male plasma. Even though mobility in native PAGE
epends not only on the molecular mass but also on the conﬁg-
ration and polarity of the molecules, the molecular weight and
urity of English sole VTG have been conﬁrmed by native PAGE
Roubal et al., 1997). However, exact molecular mass of O. longicau-
ata VTGs requires to be determined in future. Although 670 kDa
ppears to be on the higher side of the previously isolated teleost
TGs, the other form, 520 kDa, bears a molecular mass very close
o VTGs in Cirrhinu smrigala (500 and 550 kDa), Lates cailcerifer
545 kDa) and Oryzias latipes (570 kDa) (Fazielawanie et al., 2013;
aitra et al., 2007; Shimizu et al., 2002). Moreover, two forms of
TGs with relative molecular mass of 600 and 400 kDa have been
uriﬁed from the plasma of E2-treated mosquito ﬁsh (Sawaguchi
t al., 2005). However, several other authors have characterizede (lower panel) showing a-VTG immunoreactivity (a). Absence of immunoreactivity
n at left and control sections incubated with pre-immuned rabbit serum are shown
rent stages of oogenesis during the indicated months (b).
relatively smaller circulatory VTGs in other ﬁsh species (Amano
et al., 2010; Cheek et al., 2004; Roubal et al., 1997). Presence of two
forms of VTGs in this speciesis further evident from the fact that the
two a-VTG immunoreactive proteins display differential staining
intensity when stained for lipid, carbohydrate and phosphopro-
teins. Previous evidences have established that teleost VTGs are
highly species-speciﬁc and display wide variation either in number
of molecular forms, mass and degree of post-transcriptional mod-
iﬁcations (Kishida and Specker, 1993; Maitra et al., 2007; Shimizu
et al., 2002).
Besides, SDS-PAGE analysisunder reducing condition of ammo-
nium sulphate fractionated proteins yields multiple bands ranging
from 14 to 150 kDa, of which fragments with apparent molecular
mass of 130 and 150 kDa are considered as VTG monomers on the
basis of staining intensity and cross-reactivity to a-VTG. Moreover,
IP with a-VTG followed by SDS-PAGE analysis of E2-treated plasma
reveals presence of two  a-VTG immunoreactive proteins of simi-
lar molecular mass. The size of monomeric form of O. longicaudata
VTGsare comparable to those (130–180 kDa) reported earlier (Bon
et al., 1997; Mosconi et al., 1998; Man˜anos et al., 1994a; Shimizu
et al., 2002; Hiramatsu et al., 2002b; Roubal et al., 1997). Further,
immunoblot analysis reveals that crude yolk proteins cross-react
well with a-VTG indicating two  VTGs in circulation, contributing
to formation of yolk proteins, potentially share antigenic determi-
nants. Though O. longicaudata lay benthic eggs (our unpublished
observation), to minimize proteolytic cleavage of yolk proteins
associated with oocyte maturation and hydration, speciﬁcally in
marine teleosts that spawn pelagic eggs (LaFleur et al., 2005), in the
present study oocytes showing signs of meiotic maturation have
been excluded and only prophase arrested oocytes (with centrally
placed GV) have been used for preparation of the yolk proteins.
Nonetheless, a more detail analysis of immunoreactivity of yolk
proteins to speciﬁc anti-VTG antiserum at different stages of oocyte
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In the present study, an antigen capture competitive ELISA is
eing reported for the ﬁrst time for measuring seasonal varia-
ion in plasma VTG in O. longicaudata. Though as reported earlier
he antibody used for developing heterologous ELISA was  spe-
iﬁc for C. batrachus VTG (Nath and Maitra, 2001), the speciﬁcity
f the antiserum (adsorbed with hypophysectomised male catﬁsh
erum) against O. longicaudata VTG and oocyte extract are evident
rom immunoblot and immunoprecipitation analyses. Available
nformation indicates that high plasma concentrations react non-
peciﬁcally in the ELISA due to matrix effect (Bartell and Schoenfuss,
012). Although in the present study untreated male plasma diluted
:25 fails to show signiﬁcant displacement (>97% binding); for rou-
ine assay minimum dilution factor used has been 1:100 to avoid
atrix effect and non-speciﬁc binding. The observed parallelism
etween binding displacement curves for standard preparation
nd increasing serial dilutions of plasma from E2-treated male
nd vitellogenic female, but not control male, reveal the ability of
he antiserum to recognize in a similar way the standard prepa-
ation and native O. longicaudata VTG in circulation. Further, low
ntra- and inter-assay variations demonstrate reproducibility of
he assay allowing measurement of plasma VTG levels within or
etween independent assays. However, as reported earlier by var-
ous authors, compared to the homologous ELISA, the sensitivity of
he heterologous ELISA for ﬁsh VTGs are relatively low (Mylchreest
t al., 2003; Ndiaye et al., 2006; Yao and Crim, 1996; Watts et al.,
003). Keeping this in mind low level of VTG (<10 g/ml) in female
lasma (diluted 1:100) during October–February has not been con-
idered in the present investigation. Clearly this emphasizes the
eed for developing homologous ELISA for O. longicaudata VTG in
uture. Nevertheless, the seasonal variation of VTG in circulation
bserved in the present study shows good correlation with plasma
ex steroid (E2) level and ovarian growth (GSI) and pattern of ooge-
esis indicating the suitability of such assay (Heppell et al., 1995;
olmar et al., 1995; Heppell and Sullivan, 1999; Wang et al., 2000)
or the preliminary assessment of vitellogenic phase in ﬁshes show-
ng not so prominent sexual dimorphism unless during spawning
eason.
Although in the Indian subcontinent, a vast majority of the
resh water ﬁshes breed during the monsoon season when rain-
all is heaviest, reproductive parameters of O. longicaudata have
ot been studied before. Under such circumstances, the main aim
ehind development of an ELISA for measuring O. longicaudata VTG
as to establish the relationship between plasma VTG levels and
ther endocrine and gonadal parameters during vitellogenesis in
his freshwater catﬁsh species. Present results demonstrate that E2
evel in circulation reached its peak in May, remained high till July,
ecreased signiﬁcantly in August and ﬁnally declined to the basal
evel in December. Elevated plasma E2 level for relatively longer
eriod of time (May–July) indicates prolonged period of vitelloge-
esis in this species. Although plasma E2 level in O. longicaudata
uring May–July is comparable to that reported earlier for Sene-
alese sole (Garcia-Lopez et al., 2007). However, much higher level
f E2 in circulation has been reported earlier in various other ﬁsh
pecies (Johnson et al., 1998; Susca et al., 2001), indicating species-
peciﬁc variation in plasma sex steroid levelsexists.
Congruent with changes in E2 level, VTG level in circulation
tarted increasing from March and reached its highest value dur-
ng July (463.4 ± 59.17 g/ml). Conversely, sharp fall in VTG level
as been observed during August–September indicating possi-
ly the termination of vitellogenesis. Positive correlation between
igh level of E2 and elevated VTG synthesis, particularly prior to
pawning season has been reported earlier in various ﬁsh species
Garcia-Lopez et al., 2007; Guzman et al., 2008; Susca et al., 2001;
allace, 1985). Comparable to maturity status of the female, vari-
tion in circulatory VTG level has been reported earlier in various
ther ﬁsh speciesand the value ranges from 131.6 mg/ml in rain-ports 3 (2016) 120–130
bow trout to 0.1 mg/ml  in sockeye salmon (Benfey et al., 1989;
Man˜anos et al., 1994b; Bon et al., 1997; Mosconi et al., 1998).
Present results demonstrate that the variation in plasma VTG in
female O. longicaudata is similar to those reported earlierin other
teleosts, especially those which display annual breeding cycle and
synchronous oocyte development. Further, the highest level of
plasma VTG has been recorded in July, marking the end of vitel-
logenesis when the GSI reached its peak. Further, a sharp fall in
VTG level concomitant with signiﬁcant reduction in GSI has been
observed during August–September. Our this observation is agree-
ment with similar earlier observations revealing highest level of
VTG in circulation at least one month prior to spawning season
(Maitra et al., 2007; Man˜anos et al., 1994b; Mosconi et al., 1998;
Matsubara et al., 1999).
Accumulating evidences have established that kinetics of ovar-
ian growth correlates with oocyte morphology, proﬁle of plasma
sex steroids and plasma VTG in reproductively active female
teleosts (Garcia-Lopez et al., 2007; Guzman et al., 2008; Maitra
et al., 2007; Susca et al., 2001). Present results demonstrate that
during December and March the ovaries are packed with S1 primary
oocytes indicating the quiescent stage. Onset of vitellogenesis and
uptake of exogenous VTG is evident from appearance of vitellogenic
(S4) oocytes in the ovary and deposition of a-VTG immunoreactive
proteins in the ooplasm during ripening stage (May–June) and cor-
roborates well with elevated GSI, plasma VTG and E2 levels during
this period. Our data are in agreement with similar earlier obser-
vations (Roubal et al., 1997; Susca et al., 2001). While ovaries were
ﬁlled with S5 yolky oocytes during July, the plasma VTG and GSI also
reached their peak levels during this time (pre-spawning). Inter-
estingly, sharp decrease in GSI, plasma VTG and E2 levels, sign of
oocytes undergoing maturation and hydration (S6) and elevated
fecundity during August–September indicate the end of vitello-
genesis and onset of spawning season. Similar criteria have been
followed earlier to deduce ovarian cycle in various other ﬁsh species
(Man˜anos et al., 1994b; Mosconi et al., 1998; Susca et al., 2001; King
and Pankhurst, 2003).
In conclusion, in the present study plasma VTGs from O.
longicaudata have been identiﬁed and partially characterized by
considering the following characteristics: E2 inducible, present
in vitellogenic/gravid females, with apparently high molecular
weight, glycolipophosphoprotein in nature and cross-reacts with
a-VTG. Further, development of an antigen-capture, heterologous
ELISA using anti-catﬁsh VTG antiserum has been validated through
parallel binding slopes between catﬁsh VTG standard and plasma
samples from E2-treated males and vitellogenic females but not un-
treated males. Besides, the seasonal variation in ovarian growth,
appearance of vitellogenic and full grown oocytes coupled with
strong a-VTG immunoreactivity in the ovarian sections at the vitel-
logenic stage of oogenesis show good correlation with proﬁles
of circulating VTG and E2. Results thus obtained would facilitate
determination of sexual maturity and reproductive status of female
O. longicaudata, a novel hill-stream bagrid catﬁsh species with
restricted distribution in North-Eastern parts of India.
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